There are four prominent properties of the mind that pose the greatest challenge to neuroscience and the mind-brain problem. The first is the unity of conscious experience: We experience every object in perception at a specific location in the global sphere of surrounding experience, and the whole assembly of perceptions hangs together as a single unified structure. The second great mystery is the manifestly pictorial nature of visual experience: We see the world as a surrounding structure that is explicitly three-dimensional and spatial. The third great mystery is the holistic nature of perception as revealed by Gestalt theory, or the way that the global percept emerges from the parallel influence of countless individual features simultaneously. The fourth is the invariance evident in perception, whereby objects maintain their structural integrity and recognized identity even as they rotate, translate, and scale by perspective in their motions through the world. The world itself appears stable, even as our head and eyes and brain rotate relative to that world. These four perplexing properties of mind pose such a profound challenge to theories of brain function as a basis for mind, that historically they have been largely ignored, if not actively "explained away", as if they had no relevance to the mind-brain problem. I propose that these four mysterious properties of mind are not unrelated, but in fact they are intimately related, and they collectively implicate a unified, pictorial, holistic, and invariant principle of computation and representation in the brain. Far from ignoring these most perplexing properties of mind, neurscience would do well to pay close attention to the computational principles that they implicate collectively.
Unity
The unity of conscious experience is so profound that it is hard to imagine an experience that is not unified. What does that even mean? Actually we have all had experiences of disunity of consciousness. For example if you break the binocular fusion between your two eyes, you get binocular fission, a bizarre experience of two separate and independent views from the two eyes. A similar experience can be had by viewing dissimilar images with each eye, as for example when viewing through a microscope with one eye while the other remains open. This phenomenon represents a profound dis-unity of visual experience that is so confusing that we tend to focus on one image at a time, each one appearing as its own complete sphere of visual experience. Equally interesting is the phenomenon of binocular fusion, when the images from the two eyes align with each other, and with a little "pop" they suddenly fuse into each other, creating the familiar fully three-dimensional unified visual experience, wherein the individual images from the two eyes can no longer be distinguished. They have become one. This little phenomenon of binocular fission and fusion, is a telling clue as to the nature of unity in experience. What kind of computational or representational mechanism could possibly exhibit this ability to break apart, and then fuse independent images seamlessly into a single coherent percept?
The way the two images tend to "pop" into a single image, and resist splitting into two, suggests a mutistability in perception, i.e. that visual experience is a dynamic process whose final stable state represents the current perceptual interpretation in a system that is capable of becoming "stuck" in less stable states in ambiguous cases. Multistability is also observed in visual illusions like the Necker cube, which is observed to "pop" unstably back and forth between two alternative stable percepts. Each of those alternative percepts appears as a three-dimensional structure in experience, and that structure is observed to invert with each perceptual flip, like a literal spatial inversion of a spatial structure.
Pictorial Nature
The pictorial nature of visual experience is plainly evident by inspection. We see the world of visual experience as a single surrounding sphere, within which perceived objects occupy specific locations within the global sphere of surrounding experience. This observational fact is profoundly perplexing to modern neuroscientists who have to date found no explicit "pictures" in the brain, and who instead have discovered a distributed architecture in the visual cortex, with distinct cortical areas specialized for processing features such as shape, color, motion, and binocular disparity. How can such a distributed or fragmented architecture possibly account for the unified experience wherein the color, motion, and binocular information are experienced to be superimposed on the same perceived object?
It is not just visual experience that is pictorial. Somatosensory and kinesthetic experience is also pictorial in the sense of being an explicit spatial structure in motion. When sitting in your car, with eyes closed, for example, you know without looking exactly where the steering wheel and other controls are located, as well as the distance to the roof overhead, and the distance to the far side of the car, and the back seat. Indeed, even with eyes closed, you can "see" the whole car in your mind's eye, both inside and exterior, as a single integrated structure, and that structure is validated and updated whenever you reach out and touch a surface, in the same way that visual experience is updated by successive glances in different directions. When the eyes are opened, visual experience immediately appears superimposed on the three-dimensional structures already present in somatosensory experience, unifying the visual and somatosensory experience in a single modality-independent representation of spatial structure, in much the same way that the images from the two eyes are united in binocular fusion.
The pictorial nature of experience has been profoundly paradoxical to modern neuroscience because to date, neuroscience has failed to find any "pictures" of any sort in the brain, besides the two-dimensional (brain-anchored) cortical maps found in each different visual area. This failure to find "pictures" in the brain has led many in neuroscience to declare that there are no "pictures" in the brain, and that therefore it must be possible to have an explicit spatially extended visual experience in the absence of any explicit spatial structure being present anywhere in the brain. In its most extreme form, some have suggested that perhaps the activation of a single neuron somewhere in the brain might represent the experience of something as elaborate as a view of your grandmother, (the "grandmother cell" hypothesis) in the sense that that cell is active whenever your grandmother is present in your visual field, and inactive otherwise. Suposedly the activation of this one cell could by itself conjur up an experience of your whole grandmother, as vivid as any scene in perceptual experience. But there is an information-theoretic problem with this whole notion because any image of your grandmother in your visual experience, or even in a dream or hallucination, contains more explicit spatial information than can be represented by the activation of a single node, not to mention all possible alternative experiences of your grandmother from any view or perspective.
The phenomena of dreams and hallucinations clearly demonstrate that the primary function of the brain is the construction and maintenance of a real-time three-dimensional moving colored "image" of experience as a surrounding spatial structure. This constructive, or generative function of perception, known generally as reification [Lehar 2003A, 2003B] , is perhaps the single most under-recognized and under-appreciated aspect of perception.
Holistic properties
The holistic aspect of perception was the principal focus of the Gestalt movement [Koffka 1935 , Köhler 1969 , Wertheimer 1938 . It is perhaps the most elusive aspect of perception, being difficult to describe in quantitative terms. It refers to the way that the global percept emerges from the parallel influence of countless individual features each of which may be ambiguous in isolation, but together they suggest a global pattern by the Aristotilian principle that "the whole is more than the mere sum of its parts". The Gestaltists demonstrated this perceptual principle with visual illusions like the Kanizsa figure, shown in Figure 1 A, where a geometrical figure is perceived even if much of its outline is missing. Even more impressive three-dimensional examples are shown in Figure 1 B through D from Tse [1999, A and B] and Idesawa [1991] . There is a constructive, or generative function in evidence here, or the principle of reification, whereby the percept contains more explicit spatial information than is present in the stimulus. The dog picture, shown in Figure 2 , is popular in vision circles for highlighting the holistic aspect of perception. It appears initially like a collection of random irregular shapes, until the image of a dalmation dog appears, in the dappled shadow of an overhanging tree. The recognition of the dog seems to occur before we begin to see its contour, and the contour spans the gaps between the fragmented stimuli to create a whole image of a dog, complete with the three-dimensional curvature apparent on its back and legs. What kind of computational principle or physical mechanism could possibly exhibit this holistic nature? The Gestaltists invoked physical metaphors to illustrate holistic principles. For example a soap bubble "computes" its perfect spherical shape not by means of any formula or template, but by a parallel process whereby each part of the bubble surface pulls in on its neighbors in an effort to reduce the surface area, the spherical shape that results is an emergent phenomenon, one that emerges by the parallel action of innumerable forces acting simultaneously. This is the kind of system suggested by emergence in perception.
The bubble does not only represent perfect spheres, but also a range of wobbly-bobbly shapes like those seen while blowing bubbles on a hoop. The surface tension ensures that the shape remain as simple as possible even as it wobbles, resulting in smooth continuous shapes in smooth continuous motions due to a uniform distribution of stresses throughout the surface. This is analogous to the Gestalt principle of Prägnanz, or "Gestalt goodness", whereby the percept that emerges is often the simplest interpretation of the stimulus where all its forces are balanced, the perceptual counterpart to Occam's razor, the simplest explanation is the most likely. When alternative interpretations are equally likely, the percept can become bistable like the Necker cube, and pop back and forth between the stable states. But they are spatial states, perceived structures that spatially invert as they pop back and forth dynamically between the two states, like an umbrella inverting in a wind storm.
Invariance in Perception
One of the most problematic aspects of mental experience for theories of brain function is the evident invariance in perception and recognition, for example to rotation, translation, and scale. When we watch a dancer twirling across the stage, we recognize the individual parts of her body, legs, arms, and head, even as she rotates and translates and parts appear and disappear. To the naïve realist, this is no problem at all, he believes that his experience of the dancer is located out there on the stage, beyond the sensory surface, not an image in his brain. But if the causal chain of vision is to be believed, that the flow of information goes from the world, through the eyes, to the brain, then it is my brain that is constructing a replica of a dancer in my experience, reconstructed from her two-dimensional projection on my retina. And that virtual-reality reconstruction of a dancer, the image in my brain, is evidently capable of rotating, translating, and scaling by perspective without losing track of her identity nor those of her component parts. Dreams and hallucinations demonstrate that the experience need not be stabilized by a visual stimulus, your brain can fabricate the whole dancer, and set her to spinning and dancing, all within your own mind. If the primary function of our mind is to fabricate a virtual world of perceptual experience, that imaging mechanism evidently posesses an ability to translate, rotate, and scale the objects it conjurs into existence, as is clearly demonstrable with mental imagery. It is possible to imagine this chair in that corner, and to predict with fair accuracy how much space it would occupy there. You can even visualize the chair as it rotates and translates to its new location in your imagination, to make sure it clears any obstacles along the way. Its recognized identity is not lost through the mental translation and rotation into its new imagined location.
What kind of mechanism?
What kind of physical mechanism, or computational principle, could possibly qualify as a unified, pictorial, holistic emergent system? How do you endow perception with invariance? The Gestaltists provided examples of physical systems that embodied some of these principles. The soap bubble is "pictorial" in the sense of being an explicit spatial structure, and that structure is integral to its principle of operation. It is unified when it forms a single whole bubble, and it is holistic, using innumerable forces in parallel to achieve the dynamic result. But the soap bubble can only make flat or spherical surfaces. We need a richer paradigm to account for shapes in mental function.
Wolfgang Köhler proposed the mechanism of electrostatic fields through the volumetric tissue of the brain, as a means of representing holistic emergent spatial patterns in the brain. Figure 3 A shows a two-dimensional vector field resulting from a positive and negative charge, with field lines pointing outward from the positive and inward toward the negative charge. We can picture this field as water in a vessel, with a water pipe pumping water continuously through the "positive" electrode from whence it spreads outward from the source, while at the same time draining out the "negative" electrode toward which the flow lines converge. Two sparse points in space define a full spatial field, in two or three dimensions. Any threshold set in the field can divide the field into regions of "figure" and "ground", "substance" and "void", with whatever shape the threshold defines. Figure 3 B shows a more complex field defined by two sources and two sinks. Potentially any kind of three-dimensional shape could be represented with the right configuration of sources and sinks. Professor Johnjoe McFadden [2013] is a modern proponent of electrostatic fields in the brain as an explanation for the emergent spatial aspect of experience.
A B Figure 3 . Electrostatic Field Theory with static charges acting as "sources" and "sinks", define a whole field of force lines between them. A: The field due to one source and one sink. B: The field due to two sources and two sinks.
While this field theory approach addresses the explicitly pictorial aspect of visual experience in a dynamic holistic and emergent way, the patterns represented are defined entirely by the configuration of the sources and sinks, which begs the question how that configuration is established for each pattern. In particular it raises the key issue of perceptual invariance. In the neural network paradigm the spatial pattern of sources and sinks required for a pattern like Figure 3 A might be represented by a neuron with an excitatory connection to the location of the source, and an inhibitory connection to the location of the sink, it is conceivable that a field of intervening neurons could propagate the fields between the sources and sinks, like the charge flowing through a semi-conducting medium, to fill in the full spatial field represented by that pattern. But the (+)-(-) bar-bell neuron would have to be replicated across the whole visual field if it is to be able to create the corresponding field pattern invariant to translation. That way you could make the field pattern appear to move across the screen by activating a chain of bar-bell neurons in sequence. If you also want invariance to rotation, i.e. that the pattern can be at any orientation and at any location, you would also need bar-bell neurons at every orientation and at every location to achieve that invariance. And for invariance to spatial scale, you'd need bar-bell neurons at every location, every orientation, and every scale. The problem is fundamental, and can be traced back to the template-like principle of the neuron and its projective or receptive fields. If it is the spatial pattern of its synapses that encode the spatial pattern it represents, that is fundamentally a template-based principle of spatial representation even if each sparse template produces a whole field, and it inevitably leads to a combinatorial explosion in the number of templates required to provide invariance to rotation, translation, and scale.
Perceptual invariance raises the issue of "brain anchoring". If the mechanism that performs recognition in perception is anchored to the tissue of the brain, like a neuron with a spatial receptive / projective field, invariance is achieved by replicating the recognition mechanism throughout the medium. This is the way that neuroscience explains the on-center off-surround response of retinal ganglion cells, with explicit center/surround receptive fields around each ganglion cell.
What is the alternative? The Neuron Doctrine that has prevailed in neuroscience is fundamentally a brain-anchored paradigm. How else can spatial patterns be defined than by spatial templates? Alan Turing [1990] proposed a principle of reaction-diffusion as a mechanism for defining spatial patterns, for example in the patterns of animal hides, from leopard spots to zebra stripes. Reaction-diffusion involves a chemical reaction in which a reagent A is catalyzed continuously into reagent B, while reagent B is being catalyzed continuously into reagent A. If reagents A and B have different diffusion rates, this asymmetry results in the spontaneous emergence of spatial patterns of alternating patches of A and B, that can appear as different colors. A number of different patterns can be obtained by tweaking a few parameters. animal hides can be explained by parametric variations of a reaction-diffusion as shown in computer simulations E through H that replicate observed phenomena like the way that E: spots often turn to rings at the tip of the tail, and F: the way the stripes from the forelegs and torso of a zebra merge, and G and H: variations in the spots of different species of giraffes can be produced by parametric variations of the reaction-diffusion.
Reaction-diffusion is a perfect example of a non-anchored pattern formation principle, especially when implemented in chemical form. There is no explicit template of the pattern besides simple spatial diffusion, although the spatial configuration of that diffusion is determinative. The center/surround behavior emerges spontaneously from the asymmetry in the diffusion rates between two competing morphogens. It is a totally analog phenomenon that occurs virtually instantaneously. The explicit spatial extension of the field is essential to its function, because its function is an explicity spatial one.
Reaction-diffusion is an explicitly chemical process, but it is an example of chemical harmonic resonance, because the circular chemical reactions that balance patches of A against B, all happening continuously in parallel across the whole pattern, is mathematically analogous to vibrations in solid materials, vibrations in air as sound, vibrations of electromagnetic radiation, laser and maser principles, they all exhibit similar dynamic principles of emergence, reification, multistability, and invariance. Harmonic resonance is a higher order organizational principle of physical matter that transcends any specific implementation of it. Life exploits harmonic resonance, both chemical and electrical, because of its potential for representing invariant spatial patterns. Murray (1988) showed the connection between chemical and vibrational standing waves by replicating the patterns of leopard spots and zebra stripes obtained in the computer simulations, in the standing wave resonances in a vibrating steel sheet cut in the approximate shape of an animal skin. Just as the concentrated patches of A and B compete with each other in producing reagent B and A respectively, which is what ensures approximately equal areas of each color. In similar fashion, the deflections of the vibrating steel plate balance each other through the vibration, with equal excursions in positive and negative directions by a similar parallel analog field-like computational process.
Neural network implementations of reaction-diffusion systems can be defined by neurons with short-range excitatory, and longer-range inhibitory receptive fields to its local neighborhood, thus replacing the analog diffusion of chemicals in a volume with explicit hard-wired receptive fields. This is the brain-anchored equivalent to non-anchored chemical reaction-diffuion model. The challenge for both approaches is the question of how to extend the same principles to represent more complex patterns than just center/surround. Nature provides examples of reaction-diffusion in embryological morphogenesis, or the development of the embryo from a mass of originally un-differentiated tissue. A basic reaction-diffusion defines the segments along the spine in vertibrates, dividing the spine into periodic vertibrae and ribs, each of which is further subdivided into dorsal and ventral, left and right. In insects a similar reaction-diffusion defines the insect's segments. The advantage of using a reaction-diffusion mechanism for spatial pattern formation is that it embodies an invariance to deformations due to the fact that the pattern emerges by the parallel action of innumerable parts acting in parallel, which adjust themselves to each other dynamically in order to produce equal quantities of the two morphogens balanced against each other, not necessarily identical shapes, but equal volumes. In other words, the same principle that defines a perfect body, can also produce an infinite range of variations on that body, some taller, some fatter, some with longer legs and shorter arms, or whatever, and yet the parts of each body fit that body perfectly, as if it were part of the original design. The patterns emerge as if from an elastic spatial template that can be stretched or squeezed in various ways without upsetting the volumetric proportions of the individual parts. It is a topological, rather than topographical representation of pattern.
Harmonic Resonance
Nature makes use of another dynamic pattern formation principle, harmonic resonance, or patterns of traveling, or standing waves in some kind of medium. This can be seen as an extension to the electrostatic field theory, replacing static fields at equilibrium with oscillating fields, because waves can express a richer repetoire of geometrical shapes than simple static fields. Ernst Chladni, back in 1787, discovered a way to make standing waves visible. He sprinkled dry sand or powder on steel plates set into vibration using a violin bow. The sand dances around randomly on the vibrating surface, but eventually settles along the nodes of vibration, the lines of zero vibration that separate patches of the plate that are vibrating in counterphase to each other, thus rendering those node lines visible. Different patterns are obtained by touching the plate with a finger at some point, as shown in the figure, which creates a node of vibration at the damped location. Figure 6 A from Waller [1961] shows the various Cladni figures that can be obtained on a square plate. They are ordered by their temporal frequency, or musical tone, which is inversely proportional to their spatial frequency as a pattern on the plate. In other words, the low spatial frequency patterns towards the upper left are lower temporal frequency, they require less energy and are thus more prägnant in the Gestalt sense, whereas those toward the lower right require higher frequency and thus more energy to produce. Every distinct pattern of vibration of the plate shown in Figure 6 corresponds to a distinct and unique frequency of vibration, that can range from a low baritone note, to a high pitched squeal, eminating from the plate as each standing wave pattern appears.
Chladni figures are the pre-eminent example of emergence. From a totally homogeneous unstructured medium emerges not one, but a whole family of periodic and symmetrical patterns that are related by integer harmonic relations into a hierarchical family tree, and the geometry of those patterns is not determined so much by the local properties of the resonating medium, as by the global configuration of the resonating system as a whole. Mary Waller (1961) refined Chladni's technique for producing standing waves in steel plates. Instead of bowing the plate with a violin bow, Waller pressed a piece of dry ice against the plate to set it into vibration as the sublimating gas escaped. Different standing wave patterns can be generated on a Chladni plate in this manner by applying the dry ice to different points on the steel plate, by pressing harder to generate higher frequency tones, and by touching parts of the plate with a finger to damp the oscillations at various points. Figure 8 A shows Waller creating patterns on a square plate, with the dry ice held in tweezers pressed against the plate at an anti-node region. Waller noted a curious resemblance to ornamental patterns. That is also evidence for a harmonic resonance principle in perception. 
Unity Through Entrainment and Coupling of Resonances
One of the most remarkable properties of the phenomenon of harmonic resonance is the tendency of resonating systems to couple or synchronize with each other, even when the coupling forces between individual resonances are weaker by orders of magnitude, than the internal forces within each resonator. Christiaan Huygens, who perfected the pendulum clock, discovered the phenomenon in 1665 when he was running two pendulum clocks in parallel for comparison of their timekeeping. Huygens discovered that if one clock ran only slightly faster or slower than the other when hung on opposite walls of a room, those same clocks would run at exactly the same speed when hung two feet apart on the same wall. Not only would they keep the same time, but he found that their pendulums would swing in synchrony, in perfect counterphase, like mirror images of each other alternately approaching and withdrawing. Apparently the tiny vibration caused by the oscillations in each clock was transmitted through the wall sufficient to establish the synchrony between the oscillations through this miniscule synchronizing force. This is the phenomenon of entrainment, a central principle of harmonic resonance seen in countless forms throughout the universe. It is the principle that locks individual oscillations into a larger compound resonance that unites all the resonances present.
For example the multiple repeating patterns observed on Chladni plates can be seen as sub-patterns that are locked into one another in the sense that a distortion in one sub-pattern (due to extra energizing, or damping at some point) will have the effect of distorting all the copies of that same sub-pattern on that plate, because the individual sub-patterns behave functionally like copies of one unified pattern that feels an influence from the corresponding points of all of the repeating panels simultaneously. This is the principle by which the standing wave resonances in various cortical areas are coupled with each other so as to establish a bi-direction influence between all the panels simultaneously, that essentially share a common pattern between them. The locking and unlocking of entrainment between oscillators occurs with a little "pop", as in binocular fusion, because the fully entrained oscillation that unites the individual oscillations is a lower energy, more stable state. This is a direct demonstration of the Gestalt principle of Prägnanz, or "Gestalt Goodness", and the holistic principle of computation whereby the largest global configuration requires less energy to maintain than the individual oscillations of which it is composed. The whole is indeed more than a sum of its parts, it is a whole new emerging pattern that subsumes its parts as parts of a newly emergent whole. Entrainment of oscillations is a powerful clue as to the nature of unity of experience.
Resonance in Micro-Organisms
We can see harmonic resonance employed as a pattern generator for motor control in the tiny single-celled paramecium, like the one shown in Figure 9 A. The surface of the paramecium is covered with tiny hair-like cilia, that wave and undulate in synchrony to propel the tiny creature forward, as suggested in Figure 9 B. This creature is a single cell, totally bereft of such things as a nervous system or primitive brain. But we observe the cilia wave in synchrony as if under intelligent control, in the absence of any visible mechanism to achieve this control. However the wave-like motions of the cilia strongly implicate a wave-like electrochemical process that requires no explicit mechanism. The waves of motor undulations emerge spontaneously under the right circumstances, and the little creature explores its world, steering left and right, up and down, and when it gets stuck in a cul-de-sac, it knows enough to reverse its undulations and back out of the hole. All in the absence of anything resembling a "brain".
I propose that the wave-like undulations that emerge spontaneously in the paramecium, is the little creature's mind! The ghost in the machine! Sensory stimuli, presumably sampled from the outside perhaps through trans-membrane proteins embedded in the wall of the cell, are only meaningful to the creature if they can influence the oscillations that control its motion through the world. It has no awareness of the external world beyond the influence it feels that steers the oscillation pattern up, down, or left, right, in response to sensory stimuli. If we begin with the definition of mind at this lowest level of the evolutionary tree, we resolve the mystery of mind all the way up to the top of the tree. Mind is the emerging dynamic pattern that appears spontaneously in the right kinds of mechanisms. It is not made of physical matter, it is merely a pattern of energy, a vibration across the tissues of the brain and nervous system, similar in principle to the note that emerges when a flute is blown. And that living soul can vanish without a trace when the creature dies, like the note in the flute when you stop blowing it. The wave is made of nothing. The flute weighs exactly the same with or without the wave, but the wave in the body of the flute is a three-dimensional dynamic spatial structure which can be manipulated and controlled by opening or closing holes, or blowing harder or softer. I propose that harmonic resonance is the primary principle of neurocomputation and representation in biological creatures. It is an explicit spatial structure in an explicit spatial medium. It is an emergent process involving waves of energy propagating through a spatial medium in a manner that is not anchored to the tissue of the brain, but somehow resides within it without anything physical being there.
A B Figure 9 . A: a paramecium under the microscope, observe the fine cilia around its periphery. B: A schematic illustration of the wave-like movement of the cilia for locomotion.
The same principle that operates in a single-celled creature also works within multi-celled creatures, as seen in some of the earliest multi-celled creatures, Volvocales, shown in Figure The Chlamidomonas, Figure 10 A, is a flagellated creature that exhibits phototaxis, steering toward light in low-light conditions, and away from the light when it gets too intense. This creature actually has two flagella that sprout from the anterior end of the organism, next to each other, and make mirror-symmetric waving motions somewhat like a swimmer's breast-stroke, to promote locomotion in the anterior direction. So here we have two flagella that are physically separated, and yet act in symmetrical synchrony, obviously coupled, functionally speaking, through the cell membrane or cytoplasm, without any visible neurons or wires or mechanical connections, and that synchronous swimming pattern is somehow responsive to the direction of light.
The Volvocales are composed of multiple cells stuck together, each cell equipped with its own pair of flagella. Some Volvocales, like the Gonium, Volvocales therefore exemplify the earliest stages of multi-cellular evolution, and they also illustrate the earliest stages of inter-cellular synchronization in sensory and motor function, because all of the volvocales exhibit the kind of phototaxic behavior exhibited by the single-celled Chlamydomonas. In the absence of any visible mechanism, the flagella of the Volvocals all wave in synchrony like the cilia of the single-celled paramecium. Here we see an emergent process emerging spontaneously from the tendency of individual cells to oscillate in unison, a property of harmonic resonance that requires no explicit mechanism. These creatures surely have a unified emergent consciousness, even if that consciousness is not much more than a spherical experience of waves of energy coursing through its spherical shell, and those waves can be inclined toward the light somehow.
There are many examples of simple creatures with virtually no nervous system, capable of quite extraordinary repetoire of behavior that defies explanation in neural network terms. For example the microscopic hydra is composed of three layers of cells, the middle layer being a primitive nervous system that looks like a fishnet stocking, a uniform web of identical neurons connected by bi-directional synapses in such a manner that stimulating the creature at one point creates waves of electrical activity through the nerve network spreading like rings in a pond. And yet this simple creature waves its tentacles around in the water, and when it snags its prey, it opens its mouth and contracts its tentacle to swallow its prey using wave-like peristaltic contractions. After digestion the peristaltic contraction pattern reverses, and the creature vomits out the undigested remains of its meal. The hydra can even perform a kind of somersault locomotion where it leans over, grabs the ground with its tentacles, somersaults its body, overhead and advances in repeated somersaults. How can such an unstructured nervous system possibly account for such intelligent behavior? Surely the wave-like motions are a clue to the underlying principles.
Invariance in perception is observed even at this earliest evolutionary stage as demonstrated by the phototaxis of these various creatures, whether the single-celled Chlamidomonas, or the multi-celled volvocales. In either case, the global pattern of the waving of their flagella, must be modulated somehow by some kind of photosensory process. Perhaps something even as simple as the waves being retarded in the presence of light, on the sunny side of the creature, but not on the shady side away from the light, which would make it tend to turn toward the light.
But whatever the photoreceptors distributed around the surface of the tiny creature, there must be a mechanism that integrates the information from those individual sensors in order for them to collectively modulate the propulsive waveform in the direction of light. Perhaps the motor waveform itself is the integrating mechanism, that automatically compares the average light in every direction with every other direction, all in the absence of obvious transmission and control mechanisms. Or perhaps the photosensors themselves establish a spatial standing wave to compare and contrast their individual measurements into a single global measurement, and perhaps it is that sensory standing wave that influences the motor standing wave response. In either case, the intelligence is provided by the waves, and the way they integrate signals from disparate sources to produce a single integrated state. That state is the first primal emergence of global mind from the simultaneous action of local sensory forces.
Wave-like behavior is seen also in insect locomotion, seen most clearly in centipedes and milipedes as a wave-like stepping pattern of the legs. One way to view these waves is as the result of a central pattern generator to which all the individual legs conform. But that would be a rigid top-down template-like concept. A more emergent system would allow feedback from the individual legs to propagate back toward the central pattern generator, so as to gently morph or distort the global oscillation pattern to accommodate to irregularities of the terrain. A template defined by standing waves is elastic by nature, like a rubber template, that can accommodate to local distortions.
Insects which have six legs exhibit a range of different gaits appropriate for different speeds, as shown in Figure 11 . In the slowest browsing gait, the Alternating Waves gait shown in Figure 11 A, the legs on the right are advanced in sequence from back to front, then the legs on the left are advanced in sequence, and so it repeats. As the speed picks up, the insect will start overlapping the left and right steps, from Single Overlap gait shown in Figure 11 B, to Double Overlap gait in figure 11 C, then on to the Parallel Figure 11 . The six gaits of a six-legged insect. Most insects exhibit only a few of these gaits in their repetoire. The gaits are sorted by the order in which they tend to be used with increasing speed of locomotion, the early ones, A, B, C, are seen in slower movement, whereas the later ones, D, E, F, are seen in progressively faster running. The alternating tripods gaits, E, has a particular symmetry and is commonly found.
Waves gait in Figure 11 D, then on to a particularly symmetrical and stable gait in the Alternating Tripods gait in Figure 11 E, and finally for the fastest speeds is the Running Gait shown in Figure 11 F. Figure 12 shows the gaits of a horse (and other quadrupeds), again ordered from slowest (least effort) to fastest. The canter, gallop, pace, and trott, are all cyclic phasic patterns of motion suggestive of an oscillator function in motor control. [Strogatz & Stewart 1993] The repetoire of different gaits, in the insect and the mammal, appears to be a repetoire of different oscillation patterns by a single oscillating mechanism, rather than an array of rigid pattern templates. This was demonstrated in dramatic form with a series of amputation experiments on centipedes. Gallistel [1980, p. 83-85] reports that the centipede Lithobius normally moves its legs in "wave" form, each leg separated from the next by a phase-lag of about one seventh of a step, so that each "wave" covers about 6-7 legs. If the centipede's legs are amputated, leaving only six remaining legs, then the motor pattern adapts to this change of body plan by moving the remaining legs in the pattern of a six-legged insect, regardless of whether the remaining legs are contiguous, or separated by gaps of one, two, three, or more amputated legs in between. And if a further pair of legs is amputated, leaving only four, then the remaining legs exhibits the characteristic gaits of a four-legged animal, like a trotting horse.
In other words, the more complex motor patterns of four and six legged locomotion are already pre-programmed into the motor pattern repetoire of the simplest of the arthropods, the centipede with its string of identical segments and simple wave-like walking pattern.This is evidence of the multipotential pattern formation principle characteristic of harmonic resonance, in which a very simple mechanism is capable of not just one pattern of motion, but a whole repetoire of different patterns that can be evoked under different circumstances. A similar adaptability in insect locomotion was demonstrated by Bethe (Gallistel 1980, p. 83) , who showed that a six-legged stick insect whose middle pair of legs is amputated, demonstrated a four-legged gait like those of a horse. This multipotential adaptibility of harmonic resonance is an essential prerequisite for evolution in the first place, if the organism is to survive and adapt to random mutations and variations in its body plan. The serpentine motions of fish, eels, and snakes, exhibits a wave-like pattern of contractions and extensions as if the motor signal were in the form of a wave travelling down the body from head to tail. If this motor signal is indeed a wave-like phenomenon, then it can be easily modulated to turn left or right, up or down, while continuing with the propulsive undulations, the two waves, steering and propulsion, summed at every point in the muscle tissue to produce a combined wave-like pattern that both steers and powers locomotion. The neuron doctrine puts the focus on the motor neurons and their synapses with muscle tissue which occurs at discrete sample points with an innervation ratio that can range from tens to a thousand muscle fibers per motor unit. In other words, the spatial resolution of motor control is limited by the motor units, the number of muscle fibers controlled by a single motor neuron. The harmonic resonance model suggests by contrast that motor neurons don't just command their "motor units", but rather they serve to control and synchronize the real motor signal, which is composed of analog waves of contraction oscillating through the bulk tissue of the brain and muscle, to produce a finer, more analog motor pattern than allowed by the sparse sampling of synapses at the end of dendritic trees. The snake continues to wriggle after its head is chopped off, because every part of the snake's muscle is geared to spontaneous locomotory oscillations, the motor control signal from the brain merely controls or modulates that oscillation, or makes them stop and start as required. The waves themselves are spontaneous and emergent.
Waves and oscillations in the brain are not an epiphenomenon, or side effect of neural function, the waves are the mechanism that provides the function. The waves in the brain are the computational mechanism that provides the holistic emergent functions of perception and motor control. Neurons and synapses serve merely to control or modulate the analog waves that perform the holistic computations.
Where Is The Meaning?
Perceptual recognition is often characterized as a hierarchical progression from lower, primary cortical areas that detect simple features, then up to higher temporal or parietal regions where the understanding of the "meaning" of the percept is represented by the activation of certain neurons. I propose to reverse this paradigm and to suggest that recognition actually occurs in the lowest primary areas, where experience has the highest resolution. The higher cortical areas merely serve to help generate and flesh out the image in the primary areas, which are the images that we experience in everyday immediate consciousess.
When we first open our eyes to a novel scene, our experience is probably dominated by the primary visual area, the part connected directly to the retina. I propose that in the first few milliseconds you experience a scene at low resolution, with people's faces as blank as shop mannequins. In the next instant, as your temporal lobes kick in and help build the scene, the faces will be fleshed out in crude detail. Then when the facial areas of the cortex light up, the faces become familiar and recognizable, and start to provoke an emotional response. As the parietal lobe lights up, we get a better sense of the space around us, the parts outside our visual field. As each higher cortical and sub-cortical area switches on-line with the new experience, the image in my primary, highest resolution experience, becomes clearer and sharper and more detailed. The primary area is not like the lowly telegraph clerk, just passing the signals on down the wire. No, the primary visual area is the Pixar Central of the mind! This is where the high-resolution fully three-dimensional image of experience is fabricated in real-time, bringing together the influences of all the other cortical and sub-cortical areas to enhance the color, motion, stereo perception, audition, and sensory/motor perception to help flesh out this highest resolution rendition of immediate reality as it unfolds moment to moment.
In other words, perceptual recognition is not like a black box with lights that light up when a particular feature is present in the visual input. Understanding is not equivalent to the lighting up of a bulb. Understanding is much deeper than can be expressed with a single node. In fact, the node has meaning not because of the label attached to the bulb, the node has meaing only because of its ability to generate a rendition of its meaning in a fully spatial representation of the world in our immediate experience. When I activate my "grandmother node" (in my imagination) I see a whole range of fleeting images of my grandmother, from different times, seen at different angles, an infinite variety of faint and fleeting potential images, any of which could serve as the subject for a painting from my imagination. It is the ability of the grandmother node to project this infinite variety of possible images into my experiene space, that gives it its meaning of grandmother. And this mental imagery constructive process also has the ability to match that vague and multi-stable concept to any sensory image if available, to produce a solid three-dimensional percept of my grandmother right where I see her standing, part raw perception, part cognitive understanding as a three-dimensional spatial concept. All of the possible potential images condensing instantly to the one interpretation consistent with the two-dimensional retinal projection. The meaning of the objects and events in perception, are not perceived in the abstract, they are experienced as superimposed on the world of experience where they can have attractive and repulsive effects on our motor behavior. And it is that unified spatial structure that is our experience of the world.
Visual and somatosensory experience appear to us as a spatial structure, with our familiar body at the center of that space, even as we move about in the world. The world appears stable and permanent, despite our sometimes dizzying motions through the world. The secret of this perceptual stability can be seen in the compass card on a ship. As the ship turns, the compass card does not, which looks like the compass card is turning in the opposite direction. Unless we see the TRUE situation, where the compass card stands still as the ship turns around it. This is clearly what is happening in perception. When we see the world turning relative to our eye, we tend to attribute that motion to our own ego-motion, which is quite a remarkable feat of perceptual invariance that suggests a non-anchored representation of surrounding space, like the compass card, that can remain stable relative to an external stable world, not anchored to the tissue of our eye and brain as they rotate in the world.
The unity of conscious experience, perhaps the deepest mystery, can perhaps be explained by entrainment of oscillations. If standing waves in oscillators are used to represent spatial patterns, whether in vision, or motor control, or both, then similar oscillators loosely coupled to each other would have a tendency to entrain with each other, thus "sharing " the images that each of them are representing at that moment. Like the two retinal sensations from your left and right eyes, resonances in similar oscillators can "share" a resonance between them, in the sense of bending or warping each others' image to some kind of combination between the two, but where the individual contributions of the different views are no longer distinguishable. Like binocular fusion, the two images fuse into one. There is something in the very nature of harmonic resonance that makes it conducive to meaningful unification of disparate images by discovering the larger harmony that unites them.
The four prominent properties of the mind that pose the greatest challenge to neuroscience and the mind-brain problem are the biggest clues to the computational principles underlying them. The unity, pictorial nature, holistic nature, and invariance, that are such obvious properties of perception, together implicate a unified, pictorial, holistic, and invariant principle of representation in the brain. Harmonic resonance offers a computational and representational principle to account for the unified holistic aspects of perception and invariance in recognition, with a totally non-anchored representation of spatial structure that is free to rotate, translate, and scale the image of experience freely through the tissue of the brain.
